This example is related to displacive ferroelectrics such as SrTiO 3 , where important physics is defined by deformation of the lattice and can be observed through the relevant lattice phonons, socalled "soft modes". An experimental observation of fluctuations of dipoles in an antiferroelectric on a triangular lattice, resulting in quantum dipole liquid was recently reported for BaFe 12 O 19 [6] .
A class of materials which exhibit fluctuating electric dipoles in a band insulating state are quantum paraelectrics, where fluctuations are observed in the vicinity of a ferroelectric transition [5] .
This example is related to displacive ferroelectrics such as SrTiO 3 , where important physics is defined by deformation of the lattice and can be observed through the relevant lattice phonons, socalled "soft modes". An experimental observation of fluctuations of dipoles in an antiferroelectric on a triangular lattice, resulting in quantum dipole liquid was recently reported for BaFe 12 O 19 [6] .
Band insulators do not posses unpaired electrons and thus are non-magnetic. In contrast, quantum dipole liquid in a Mott insulator in a presence of charge-spin coupling can also be an origin of a spin liquid state [4, 7] . 2 sites with S=1/2 (spins depicted by green arrows) and magnetic exchange between sites J M and J M . The model is relevant to a spin liquid candidate κ-(BEDT-TTF) 2 Cu 2 (CN) 3 with J M /J M =0.64 [2] . (d) Schematic structure of BEDT-TTF layer in case of dipole solid (paired electron crystal [3] ). The molecules within (BEDT-TTF) +1 2 dimer sites carry different charge, charge-rich and charge-poor are denoted by red and blue correspondingly. The dimer sites thus possess dipole moment. J DC is a magnetic interaction between spins (marked by green arrows) on neighboring charge-rich molecules. According to Ref. [3] spins of the nearest neighbor charge-rich sites will form spin-singlets, while Ref. [4] suggest spin fluctuations. This model is related to κ-Hg-Cl. In this work we discuss a new experimental realization of the quantum dipole liquid state in a layered organic crystal κ-(BEDT-TTF) 2 Hg(SCN) 2 Br based on molecule BEDT-TTF 1 . Electronic and magnetic phenomena observed in this class of materials are basically defined by the properties of the molecular-based cation layers (Fig 1 a) . In the compounds studied here, lattice sites of dimers of (BEDT-TTF) +1 2 with one hole and S=1/2 per site form layers which can be approximated by twodimensional anisotropic triangular lattice. Many of these class of materials are Mott insulators, where electrons are localized on dimer sites (BEDT-TTF) +1 2 (see Fig. 1 c) . In most of such compounds the dimers have an inversion center and thus zero electric dipole moment. A loss of an inversion center in a molecular dimer due to charge distributed non-symmetrically between the two molecules in a dimer can be a results of frustration of the lattice, competing electronic correlations and magnetic interactions [3, 4] . It would produce an electric dipole. In contrast to a displacive ferroelectric this way to form a dipole does not necessary need a change in the underlying lattice.
The dipoles can order leading to a ferroelectric state ( Fig. 1 d) , or fluctuate in a quantum dipole liquid ( Fig. 1 e) . In fact, a fluctuating quantum dipole state was suggested as an explanation of a spin liquid state on a triangular lattice observed in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 . However, the evidence for fluctuating quantum dipoles in this material remains elusive [8, 9] .
In this work, properties of quantum dipole liquid state in κ-(BEDT-TTF) 2 Hg(SCN) 2 Br (κ-HgBr) are elucidated by a comparison to an isostructural compound κ-(BEDT-TTF) 2 Hg(SCN) 2 Cl (κ-Hg-Cl) which shows ordered dipoles state, so-called quantum dipole solid as ground state. These materials have organic BEDT-TTF molecules as building which allows us to use ideas of molecular spectroscopy to characterize the distribution of charge on the lattice and its fluctuations. Electronic and magnetic Raman response which was previously observed predominantly in strongly correlated inorganic materials provides further information on the electronic and magnetic ground state. The physical phenomena observed in these molecular materials extend our knowledge on states of matter produced in solids by strong electronic correlations, both of inorganic and organic origin.
The crystal structure of the two studied materials is very similar (see details of the structure in the Supplement information), with dimers of (BEDT-TTF) +1 2 forming weakly anisotropic triangular lattice [1, 10] (Fig. 1 b) . κ-Hg-Cl shows metallic behaviour of resistivity and undergoes a charge order metal-insulator transition at 30 K [1, 11] . Resistivity of κ-Hg-Br decreases slower on cooling in the high-temperature state. This compound undergoes an insulating transition at around 100 K, which was suggested to be a Mott insulator [11] .
We first use Raman molecular vibrational spectroscopy to receive information on the distribution of charge on the lattice of these systems through the metal-insulator transition. The on-molecule charge is probed by following the frequency of the central C=C molecular bond vibration (ν 2 ) ( Fig. 2 e ) , which changes by ∼ -140 cm −1 when the charge of the molecule changes from (BEDT-TTF) 0 to (BEDT-TTF) +1 [12, 13] . This is a result of a lengthening of the central C=C bond of the molecule when more charge occupy the highest occupied molecular orbital (HOMO).
To demonstrate a contrast between the temperature behaviour of charge sensitive and standard modes we also follow the temperature dependence of the ν 3 mode. (Fig. 2) which is known not to be coupled to HOMO. It also involves C=C deformations and is found at a close frequencies of about 1470 cm −1 but stays single and narrow through the measured temperature range for both materials. Both modes have large intensity in A 1g and B 1g symmetries.
A single ν 2 found at about 1490 cm −1 is observed in the high temperature metallic state for κ-Hg-Cl while in the insulating state below T CO =30 K ν 2 is split into two bands at 1475 and 1507 cm −1 (see Fig. 2 a) . The difference in frequencies of the two modes is much higher than expected on a structural phase transition, but corresponds to charges redistributed within the
2 dimer creating an electric dipole. The ground state of κ-Hg-Cl thus can be described as an order of electric dipoles localized on (BEDT-TTF) +1 2 dimer sites, so-called dipole solid, following [4] .
A single ν 2 mode observed in the whole studied temperature range for κ-Hg-Br suggests a symmetric dimer with both molecules carrying half a hole (BEDT-TTF) +0.5 on average. However, the width of ν 2 band shows abnormal behaviour on cooling, going through a minimum of 16 cm −1 at around 80 K, and increasing again up to 20 cm −1 at 10 K (see Fig. 2 c,d ). Line width of phonons are generally defined by decay mechanism, disorder and dynamics of the lattice and charge system.
A typical width of vibrations of BEDT-TTF molecule defined by a decay processes into lowerfrequency modes is exemplified by the behaviour of ν 3 mode (see Fig.2 d) which decreases down to about 5 cm −1 at 10 K. The singular abnormally wide charge-sensitive ν 2 band excludes a possibility of structural changes or structural disorder as its origin. Another possible reason for an increased line width which we will consider is charge fluctuations. [14, 15] .
We estimate the effects of charge fluctuations on the shape of the ν 2 vibration using "two-sites jump" model [14, 15] presented by Eq. 1. In this model, we consider +0.6e and +0.4e charged molecules observed in the ordered state of k-Hg-Cl as two static species. They are characterized with frequencies of ν 2 vibrations ν 2 [BEDT-TTF +0.4 ] = 1475 cm −1 and ν 2 [BEDT-TTF +0.6 ])= 1507 cm −1 and natural width Γ. The system can jump between these two states with a frequency of ω EX =1/τ , where τ is a life time of each state, or in other words a correlations time. As an exchange rate ω EX between these two states will increase, the shape of the resulting spectra will change as shown in Fig. 2 c. The two original bands will get wider, move together and at high enough rate will become a single band. The calculated spectrum in a static state ω EX = 0 consists of two bands and reproduces the ν 2 part of the spectrum for κ-Hg-Cl (Fig. 2 a,b) . The spectra calculated for ω EX = 40 and 30 cm −1 reproduce the shape of the ν 2 band in κ-Hg-Br spectra, where the width of ν 2 increases from 16 to 20 cm −1 on cooling below 80 K, as well as the slight asymmetry the band gains( Fig. 2 b,c) . The calculation took into account the decrease of natural width Γ on cooling. Thus the abnormal increase of the width of ν 2 on cooling in the insulating state of κ-Hg-Br can be explained in terms of charges fluctuating between two molecules in a dimer with frequency ω EX , the latter slightly decreases on cooling. This suggests that the electric dipoles in κ-Hg-Br fluctuate with this frequency, forming a quantum dipole liquid state.
Apart from the discussed difference in the ν 2 band behaviour, the molecular vibrations-related and phonon Raman spectra of κ-Hg-Br and κ-Hg-Cl are very similar (Fig. 3 a, b,e). It is natural, since the compounds are basically iso-structural. On cooling all the vibrational bands narrow down to 5-7 cm −1 , including the low frequency lattice phonons, which are well distinguished in low temperature spectra in Fig. 3 a,b below approximately 100 cm −1 . In the spectra of κ-Hg-Br (see A 1g symmetry spectra in Fig. 3 ) the somewhat widened by few wavenumbers phonons, some of them demonstrating so-called Fano shape, are superimposed on a much wider background band.
As can be followed from the spectra with the phonons extracted shown in Fig. 3 Optically detected collective modes associated with charge fluctuations are found in the metallic state close to a charge ordering metal-insulator transition in organic conductors [17, 18] and in under-doped high temperature cuprate superconductors [19] . To the best of our knowledge a collective mode due to fluctuations of electric dipoles or any other configuration of charge in a Mott insulator is observed by ground state spectroscopy for the first time. In an insulating state, the closest analogy would be a soft mode in ferroelectrics. However, in contrast to displacive ferroelectrics, the dipoles in κ-Hg-Br are induced by charge inequilibrium on (BEDT-TTF) +1 2 dimer which does not necessary depend on the lattice deformation.
Fluctuations of electric dipoles on sites with S=1/2 on a triangular lattice was suggested as a mechanism for a spin-liquid behaviour [4, 7] . An order of electric dipoles does not necessary imply magnetic order [4] . However, an approach of Ref. [3] which includes antiferromagnetic interactions as a driving force for the charge order on a frustrated dimer lattice suggests a spin singlet ground state. This so-called paired electron crystal proposed as a ground state of κ-Hg-Cl [1] can be regarded as a variation of valence bond solid. In these terms, the quantum dipole liquid in κ-HgBr can be a realization of a resonant valence bond (RVB) state.
Our data on heat capacity of both materials is the first step to the understanding of their magnetism. Heat capacity C p of κ-Hg-Br and κ-Hg-Cl was measured in the temperature range between 40 K and 100 µK. The temperature dependence of heat capacity for these compounds is overlapping within the error of the measurements in the temperature range above 6 K (Fig. 3 d) , but for the feature at 30 K in the temperature dependence for the C p of κ-Hg-Cl indicating the charge order transition. The heat capacity C p = βT 3 + γT of both compounds shows basically same bosonic contribution β = 19.0 ± 2.5 mJ K −4 mol −1 . This is natural, since it is defined predominantly by phonons and vibrations of BEDT-TTF molecules which are very similar for the studied compounds. The difference between the two materials starts to appear below about 6 K, where for κ-Hg-Br C p shows a linear term γ = 13.8 ± 3.1mJK −2 mol −1 , while C p of κ-Hg-Cl goes down to zero on lowering temperature (inset in Fig.3 d) . A linear term in the low temperature heat capacity of a Mott insulator κ-Hg-Br suggests a presence of spinon excitations. On the other hand, for κ-Hg-Cl γ= 0 within the precision of our measurements, suggesting an ordered ground state in accord with the theoretical proposal of a singlet ground state. A single phase transition observed at 30 K can be an evidence of simultaneous electric dipole ordering and singlet formation in κ-Hg-Cl.
The temperature of spin ordering can be lower than that of the charge order, as is observed in one-dimensional materials, and suggested by calculations [21] . However, heat capacity is found not to be sensitive to an antiferromagnetic transition, see for example [22] , thus further studies such as NMR are necessary to identify the temperature of magnetic transition in κ-Hg-Cl. On the other hand, to clarify magnetic low-temperature state of the studied materials much information can be received from magnetic Raman scattering Raman scattering was previously successfully used to study spinon excitations in both inorganic kagome-lattice [23] and BEDT-TTF-based triangular lattice [24, 25] spin liquid candidates.
Continuum of magnetic excitations appears in Raman spectra at frequencies close to the value of few J, the exact spectra and polarization dependence defined by the dimensionality of the system, the ordering, and frustration parameters. It is clear at this point, that magnetic interactions in a dipole solid, and possibly quantum dipole liquid would be re-normalized in comparison to a simple (BEDT-TTF)
+1
2 dimer Mott insulator with charge symmetrically distributed on a dimer. In a dipole solid, magnetic interactions occur between charge-rich molecules of the neighboring dimers, while in a simple Mott insulator the interactions are between dimer lattice sites, as is schematically shown in Fig. 3 e. An estimate provided by a tight-binding approximation as J = well as transfer integrals are estimated from the optical conductivity spectra [27] , and the difference is produced mainly by a variation between the values of U in these two models. More complex approach of Ref. [4] proposes both a re-normalization of J and a decrease of effective magnetic frustration in a quantum dipole liquid compared to a simple dimer Mott insulator. Lower J would result in a lower ordering temperature, and a spectrum of magnetic excitation shifting to lower frequencies as well as a respective decrease in intensity of the Raman response of the excitations as ω 4 .
Indeed, we find a difference in the Raman spectrum of magnetic excitations between compounds representing the two models. This background is absent from the spectra of κ-Hg-Cl and κ-Hg-Br, the latter showing an increase of intensity below 200 cm −1 which is a part of the collective excitations band discussed above. The maximum of the collective excitations response is around 50 cm −1 which is below the expectant J DS value, thus found at too low frequencies to interpret them as purely magnetic. Here it is worth to mention an approach of Ref. [7] to the dipole liquid state, where the system is discussed within Kugel-Khomskii model, showing the analogy between the fluctuating dipole liquid and orbital liquid [28, 29] . This model suggests that at a certain frustration J'/J and spin-charge coupling K values, spin order in a system is destabilized, and would produce mixed spin-charge excitations. To understand if the collective mode observed by us has its origin purely in dipole fluctuations or in mixed charge-spin excitations theoretical calculations of the excitation spectrum for such a system would be of great importance. In κ-Hg-Cl spectra no additional background is distinguishable, in accord with absence of itinerant excitations in heat capacity.
By now we showed the presence of quantum dipole liquid state in κ-Hg-Br and the relevant excitations. Now we would like to discuss how this state fits into our knowledge on spin liquid candidates on triangular lattice lattice, in particular BEDT-TTF based organic conductors, and what parameters could control the state. Theoretical approach of Ref. [4] suggest that the tuning of quantum dipole solid into quantum dipole liquid can be done by a change of t b /t d ratio, where t b is an overlap integral between the dimers, and t d an intra-dimer one, which can be tuned by application of pressure. The unit cell of κ-Hg-Br is somewhat larger than that of κ-Hg-Cl. On the other hand, it was shown that dipole order in κ-Hg-Cl can be suppressed by external pressure of about 1 kbar, while insulating state is suppressed at higher pressures [30] . A calculation of electronic structure of these materials and their change with pressure, as well as further explorations of magnetic properties are necessary for further understanding of the phase diagram.
A phase transition between dipole solid and quantum dipole liquid state is a playground for studies of quantum criticality. An absence of order in κ-Hg-Br close to the quantum dipole solids suggest a presence of quantum phase transition in the region of phase diagram between κ-Hg-Cl and κ-Hg-Br, and puts κ-Hg-Br in a quantum critical regime, characterized by the frequency of dipole and spin fluctuations studied in this work. A softening of the collective mode which we observe at 11 K is the realization of the temperature/frequency scaling which is characteristic of quantum critical regime. While our present work is aimed on understanding of quantum dipole solid and liquid states, the next step would be to investigate in detail a presence of quantum critical regime and critical scaling.
Quantum dipole liquid was suggested as one of possible models for the origin of spin liquid state in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 [4] , however our work shows that it does not demonstrate all the fingerprints of this state. Its spectrum of magnetic excitations is well understood within a model of spin 1/2 on triangular lattice with J=250 K (Fig. 3, Ref. [24]), and is quite different from the spectrum of κ-Hg-Br. Charge fluctuations are faster and do not slow down at low temperatures, as demonstrated by molecular spectroscopy in Ref. [8] . If the quantum dipole liquid model is relevant to κ-(BEDT-TTF) 2 Cu 2 (CN) 3 at all, it puts this compound quite far from a quantum phase transition into a dipole solid state. An increased intra-dimer overlap integral t d is the best candidate for a tuning parameter between dimer Mott insulator and quantum dipole liquid, and indeed is found to be larger in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 than in κ-Hg-Cl [1] .
In conclusion, we demonstrated a quantum dipole liquid state in κ-Hg-Br, and found the fre- The composition of the crystal was verified by electron probe microanalysis and X-ray diffraction.
Raman scattering was measured in pseudo-Brewster angle geometry using T64000 triple monochromator spectrometer equipped with the liquid N 2 cooled CCD detector. For the measurements in the 5-400 cm −1 range T64000 in triple monochromator configuration was used, for the measurements in the range 80-2000 cm −1 single monochrmonator configuration with the edge filter option was used. Spectral resolution was 2 cm −1 . Lines of Ar + -Kr + Coherent laser at 514.nm and 647 nm where used for excitation. Laser power was kept at 2 mW for the laser probe size of approximately 50 by 100 µm. This ensured that laser heating of the sample was kept below 2 K, as was proved by observing the temperature of ordering transition in κ-Hg-Cl. Measurements at temperatures down to 10 K were performed using Janis ST500 cold finger cryostat. Cooling rates used were between 0.2 and 0.5 K/min. The samples were glued on the cold finger of the cryostat using GE varnish. The experiments were performed on at least 6 samples to ensure reproducibility of the results. A few wavenumbers spread in the width of ν 2 band at low temperatures for κ-Hg-Br was associated with a weak strain originating from GE varnish, all the other parameters of the spectra were reproducible within the error bar of the measurements. The crystals were oriented using polarization-dependent Raman scattering measurements. For the measurements, electrical vector of excitation e L and scattered e S light were polarized along b and c axes. Our notations of polarizations refer to the structure and symmetry of the BEDT-TTF layer, to make an easy comparison to the calculations which refer to D 4h [16] without loosing the information about the symmetry of the real crystal. Thus A 1g symmetry corresponds to the were measurement in (b, b) and (c, c) geometries, and B 1g corresponds to (b, c) and (c, b) geometries (xy). All spectra were corrected by the Bose-Einstein thermal factor.
Intensity of the collective mode was calculated as I(T ) =
The calculations of the shape of the ν 2 band depending on ω EX jump rate between sites are done using Eq. 1. Here a shift of the bands from the averaged band parameter ∆ = 16 cm −1 is received using the spectra in the ordered phase of κ-Hg-Cl, as well as the position of the original bands. Γ is the natural width of the vibrational bands experimentally followed by the width of ν 3 .
ω EX is the frequency of the jumps between to states, which was varied on the calculations.
Heat capacity was measured using Quantum Design PPMS system equipped with the DR option.
SUPPLEMENT INFORMATION
Crystal structure
Crystal structures of the studied materials κ-Hg-Br and κ-Hg-Cl were published in Ref. [10] and [1] . In the Table 1 we present basic information about both structures. It shows that the volume of the unit cell for κ-Hg-Br compound is somewhat larger than κ-Hg-Cl. Calculations of the electronic structure are necessary to understand how exactly this change of geometry between two compounds will affect parameters which define the ground state.
Raman scattering data
Raman scattering data: temperature dependence of vibrational modes for κ-Hg-Cl
In Fig. 1a Supplement information we present temperature dependence of parameters of ν 3
and charge-sensitive ν 2 vibrations for κ-Hg-Cl. ν 3 band shows normal hardening on cooling and a decrease of the width, with the temperature dependence coinciding with that for κ-Hg-Br. The width of the charge-sensitive ν 2 decreases below that of κ-Hg-Br on cooling down to 50 K, and then increases till the compound reaches the ordering transition at 30 K, and decreases again below the transition as expected in the ordered state. This increase suggest charge fluctuations above the transition and outside of the scope of this paper.
Raman scattering data: Low-frequency spectra of κ-Hg-Br and κ-Hg-Cl in B 1g symmetry
In Fig. 1b Supplement information we present temperature dependence of the Raman scattering spectra for κ-Hg-Br and κ-Hg-Cl compounds for B 1g symmetry in the spectral region between 25
and 400 cm −1 . It shows that (i) Similar to A 1g for κ-Hg-Br, the background feature due to the collective mode at about 50 cm −1 appears also in spectra of κ-Hg-Br in B 1g symmetry as an increase of the intensity in the range below 150 cm −1 .
(ii) The low frequency phonons in κ-HgBr B 1g spectra remain broad, which can be explained by an interaction of these phonons with the collective mode. This is in contrast with spectra of κ-Hg-Cl and κ-Hg-Br in A 1g polarization, where at low frequencies narrow phonon modes are superimposed on the collective mode background. (iii)
Some drop of intensity in κ-Hg-Cl spectra between 35 and 7 K is due to an opening of a gap due to an ordering transition.
Polarization dependence is an important way to characterize excitations observed in Raman scattering [16] . For D 4h symmetry a clear separation of A 1g (x 2 + y 2 ), B 1g (x 2 − y 2 ), and B 2g
(xy) polarization is expected for electronic and magnetic excitations. Spectra of some materials can be mapped on D 4h symmetry and understood within it even if the symmetry of the unit cell is lower. A good example is the antiferromagnetically ordered organic compound κ-(BEDT-
Cl, where in a monoclinic unit cell (BEDT-TTF)
+1
2 dimers form a weakly frustrated square lattice, and two-magnon Raman excitations in that material follow the symmetry selection rules expected for D 4h .
In the materials studied in this work, the symmetry of the unit cell is monoclinic as well, however it was shown [1] that the (BEDT-TTF) On the other hand, polarization dependence of phonons follows the full symmetry of the lattice.
Our experimental data suggest that the coupling to the collective mode is larger for B 1g phonons than for A 1g . This fact can be a realization of the expected anisotropy of the electronic excitation.
Heat capacity
In Fig. 1c Supplement information we compare our results on temperature dependence of heat capacity for κ-Hg-Br and κ-Hg-Cl with that received by us for κ-(BEDT-TTF) 2 Cu 2 (CN) 3 . This plot demonstrates the high quality of the data obtained by us, where the κ-(BEDT-TTF) 2 Cu 2 (CN) 3 data coincide with the literature. Within the precision of the measurements we performed, β of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 is similar to the published, and to that of κ-Hg-Br, which can be explained by a similar structure and thus phonon DOS of the compounds. Interestingly through, values of γ coefficient in heat capacity of κ-Hg-Br and κ-(BEDT-TTF) 2 Cu 2 (CN) 3 are similar, too.
[33]. 
